The combination of geological, tephrochronological and geochemical studies is used to reconstruct the Holocene eruptive history of Ksudach volcanic massif, South Kamchatka and to trace the evolution of its magma. Ksudach is located in the frontal volcanic zone of Kamchatka. From Early Holocene till AD 240, the volcano had repetitive voluminous caldera-forming eruptions. Later they gave way to frequent moderate explosive-effusive eruptions that formed the Shtyubel' stratovolcano inside the nested calderas, and then to frequent larger explosive eruptions. Holocene eruptive products are low-K O two pyroxene-plagioclase basaltic andesite to rhyodacite. Mineralogical, geochemical and isotopic data suggest 2 that all the rock varieties originated as a result of fractionation of an initial mafic melt, with insignificant contamination and assimilation. Intensive mixing of the fractionating melts prior to, and during the course of the eruptions, is ubiquitous. The eruptions might have been triggered by repetitive injections of new mafic melt into the silicic chamber. Crystallization of the andesitic and rhyodacitic melts is estimated to have occurred at temperatures of 970-10108C and 890-9108C, respectively, P 1.5-2.0 kbar and f close to the NNO buffer. According to the experimental data, such P corresponds to
Introduction
Eruptions which result in the formation of Krakatau-type calderas are one of the most haz-( ) O. N. Volynets et al.r Journal of Volcanology and Geothermal Research 91 1999 23-42 24 Ksudach volcanic massif, located in the frontal vol-Ž . canic zone of the island arc Fig. 1 . Tephras from the caldera-forming eruptions of Ksudach are low-K O two-pyroxene-plagioclase andesite to rhyo-2 dacite with volumes ranging from 1.5 to 19 km 3 Ž . Braitseva et al., 1996; Melekestsev et al., 1996 . The most recent caldera encloses a stratovolcano named Shtyubel' Cone, which erupted basaltic andesite to rhyodacite, with eruption volumes of up to 3 Ž 2 km Melekestsev et al., 1996; Braitseva et al., . 1997b . Ksudach tephra contains both silicic and mafic pumice in the same units, and abundant taxitic pumice varieties with alternating silicic and mafic bands, that suggests the intensive mixing of the melts Ž in the course of the Ksudach eruptions Volynets, . 1979 . Tephra layers, interbedded with soils and ash horizons from other Kamchatka volcanoes, provide a continuous record of the Holocene explosive activity Ž . ) of Ksudach and allow to reconstruct its eruptive history for the last 10 000 years.
Repetitive voluminous explosive eruptions and the characteristics of the tephra suggest conditions favourable for production of a large amount of silicic magma beneath the volcano and its periodic interaction with more mafic melt. In this paper, we combine the results of geological, tephrochronological and petrochemical studies to explain characteristic features of the Ksudach melts, reveal the mechanism of the Ksudach volcanic rocks formation, and trace their evolution during the Holocene.
Holocene eruptive history of Ksudach volcano
Ksudach volcanic massif is a shield-like polygenetic edifice composed of lavas and tephra of multiple eruptive centers of various age and morphology. It comprises nested calderas which formed during Ž . five collapse events Figs. 2 and 3 . Two larger Ž . calderas I and II formed in the Late Pleistocene Ž . time and three smaller ones III, IV and V during Ž the Holocene Braitseva et al., 1995; . Caldera V encloses an active stratovolcano named Shtyubel' Cone; its most recent eruption Ž occurred in 1907 Hulten, 1924 Vlodavets and Piip, . 1957 . The pyroclastic deposits of the largest Holocene eruptions are tens to hundreds of meters Ž . thick near the vent Fig. 4 and form layers which can be traced over much of the Kamchatka Peninsula Ž . Braitseva et al., 1992 Braitseva et al., , 1997b . Several minor erup-Ž tions produced ashfalls of negligible volumes about 3 . 0.01 km compared to these of the larger eruptions; some of them might have been associated with the post-caldera extrusive domes growth. Detailed geological and tephrochronological studies combined with radiocarbon dating have allowed us to reconstruct the Holocene eruptive history of Ksudach vol-Ž . cano Figs. 5 and 6 . Pre-Holocene ash layers were mostly destroyed during Late Pleistocene glaciation, hampering detailed studies of the early volcanic activity. The following summary of the Holocene activity of Ksudach is based on the works of Braitseva et Ž . Ž . al. 1996 and Melekestsev et al. 1996 supplemented by new data. The ages of Ksudach eruptions Ž . are refined according to Braitseva et al. 1997a,b . The codes of the eruptions and calderas are as in the Ž . works of Braitseva et al. 1996 Braitseva et al. , 1997b . We report Ž . Ž . both radiocarbon Fig. 5 and calendar Fig. 6 ages of the eruptions. Radiocarbon ages are cited as 14 C years BP, and calibrated ages-as years BC or AD. The calendar ages were obtained using the technique Ž . by Stuiver and Reimer 1993 . Calendar ages are also used throughout the text to estimate the real duration of active and repose periods.
Caldera III was formed about BC 7900 as a result of the KS eruption. This eruption was preceded by 4 a period of relative quiescence which is likely to have continued for at least 1-1.5 thousand years, since no Ksudach tephra layers are registered in the soil interlayered between Late Pleistocene glacial deposits and KS tephra. The deposits of the KS 4 4 eruption include several tephra fall units, alternating N. Volynets et al.r Journal of Volcanology and Geothermal Research 91 1999 23- white rhyodacitic and yellowish dacitic pumice with only a minor admixture of black andesitic lapilli Ž . Volynets et al., 1978; Braitseva et al., 1992 . Total volume of tephra of both large eruptions Ž . 3 Ž KS and KS is estimated at about 10-11 km or 2 3 3 . Ž . 4.7 km DRE most of which 70%-80% is pre-Ž sented by KS eruption products Melekestsev et al., 2 . 1996 . We cannot estimate the volumes of the rocks of different composition separately but andesite obviously predominates. The formation of caldera IV was followed by the growth of a series of dacitic extrusive domes with a total volume of about Bursik et al. 1993 stated that although the scoriaceous subunit comprises a variable fraction Ž of the stratigraphic section for each deposit up to . 50% in KSht , in no case does it comprise a signifi-1 cant volume itself, because of its local dispersal. Nevertheless our recent field studies in South Kamchatka demonstrated that the layer of the KSht 1 tephra retains its two-subunits structure as far as Melekestsev et al., 1996 . Pumiceous subunits of these eruptions are rich in eucrite and allivalite xeno-Ž liths Volynets et al., 1978; Selyangin, 1990; Brait-. seva et al., 1992 .
The study of the Holocene eruptive history of Ksudach suggests that it may be subdivided into two stages. During the first stage, from Early Holocene till AD 240, the volcano produced dominantly pow-Ž erful explosive eruptions separated by long 1900-. 3240 years periods of relative quiescence. Its regime of activity changed abruptly after the collapse of caldera V and the onset of Shtyubel' Cone formation. During the second stage, the rare large explosive eruptions gave place to frequent moderate explosive-effusive cone-building eruptions, and then to frequent larger explosive eruptions. Along with this change in the regime of activity, the change in the composition of the erupted products occurred with the first eruptions of basaltic andesite material, the most mafic of all the Holocene Ksudach products Ž . Fig. 5 .
The Holocene activity of Ksudach volcano has a distinct cyclic regime. Each cycle consists of an active period followed by a period of relative quiescence. We can identify four such cycles during the Ž . last 10 000 years Fig. 6 . The active period consists either of a series of eruptions which are closely spaced in time or of only one powerful eruption. The duration of active periods varies from years and hundreds of years to thousands of years, but the duration of the completed cycles equals 1900-3240 years. The current cycle is incomplete.
Volumes of the material erupted differ from cycle Ž . to cycle Fig. 6 : the most voluminous cycle is the current one which began from the caldera-forming Ž . eruption KS and continued with construction of 1 the Shtyubel' volcano. The most recent caldera-for-Ž . ming eruption KS was at the same time the most 1 voluminous and produced the largest volume of the Ž . most silicic rhyodacitic material without visual admixture of more mafic products. Rhyodacites of less volume were also erupted during the initial stage of the KS eruption, and in negligible volumes in the 3 ( ) O. N. Volynets et al.r Journal of Volcanology and Geothermal Research 91 1999 23-42 32 very beginning of the KS eruption and during the 4 Ž . 1907 eruption Fig. 5 , but all these tephras contain more mafic pumice varieties that suggest mixing of silicic and mafic melts. Basaltic andesitic material was erupted only during Shtyubel' Cone formation alternating with dominating more silicic products. All the other tephra corresponds in bulk composition to andesite and dacite. Andesites dominate in the products erupted during KS and KS q KS erup- The following abbreviations are used for phase names here and in Tables 3-5 : ph-phenocryst, m-microlite, mg-megacryst, gl-glass, Ž gm-groundmass, c-phenocryst centre, i-inclusion in phenocryst. Bulk rock chemistry see in Table 1 that suggest more thorough mixing of silicic and mafic melts.
Composition of the erupted products
The rocks produced by Ksudach volcano during the Holocene range from basaltic andesite to rhyo-Ž . dacite. Silicic rocks were erupted repeatedly Fig. 7 , and are similar to pre-Holo-Ž . cene eruptive rocks Selyangin, 1990 Selyangin, , 1991 . The phenocryst assemblage of the Ksudach rocks com- means that the concentration of the element has not been determined.
based on rare-earth elements contents in Ksudach rocks and coefficients of their distribution in minerals of olivine-clinopyroxene-plagioclase xenoliths showed that this initial melt might have basaltic composition and the remainder dacite-rhyodacite Ž fraction may reach 25%-30%. Volynets et al., . 1990b . The above-mentioned xenoliths are considered to be cumulates formed due to proto-crystallization of basaltic melt and thus are complementary to Ž . silicic melts Volynets et al., 1978; Selyangin, 1990 .
The most silicic melts are erupted during the initial stages of a caldera-forming eruption. The amount of silicic material accumulated in a chamber before each eruption is likely to depend on the Ž duration of the preceding repose period Figs. 5 and . 6 . The largest volume of rhyodacite was erupted during the KS eruption and may be explained by the 1 Ž . long repose period more than 5000 years interrupted only by KSbt and a few more eruptions of minor volume.
The earlier-described heterogeneity of most Ksu-Ž dach tephras i.e., coexistence of silicic and relatively mafic pumice in the same units and abundance of taxitic pumice varieties with alternating silicic and . mafic bands suggests intensive mixing of the fractionated melt in the course of Ksudach eruptions. Disequilibrium phenocryst associations in most of the rocks, and the presence of glass of variable Ž composition in the groundmass of silicic rocks Ta-. bles 2-5 support this suggestion and allow us to presume that this mixing took place immediately prior to the eruptions. Table 6 supplemented by previously published data Ž . after Volynets et al. 1990b .
Ž
The dacitic pumice of the KSht eruption Table   1 . 1, analysis 15 offers one of the best examples of this mixing process. This is olivine-two pyroxeneplagioclase rock with a glassy groundmass. The range of composition of the plagioclase phenocrysts Ž . An exactly coincides with that in basaltic 58 -96 andesitic scoria of the lower subunit of the same Ž . eruption Table 1 . and ferrous Mga s 0.07 ilmenite, the latter-in-Ž . clusions of less ferrous Mga s 0.12-0.17 and tita-Ž . Ž . nium TiO s 5-9 wt.% titanomagnetite Table 2 2 similar to that from inclusions in pyroxenes from Ž basaltic andesite Mga s 0.12-0.17; TiO s 5.5-9.3 2 .
Ž . wt.% . Olivine phenocrysts Fo from the dacite 70 -73 under consideration are similar to these from andesite. Glass from the groundmass of this dacite corresponds dominantly to rhyodacite but sometimes Ž . to andesite as well Table 5 . Pyroxenes from dacite have lower Mga and Al O contents than homoge- . Ž . wt.% Fig. 9 , Table 3 . These data suggest that the silicic melt that mixed with mafic melt to form the tephras which are welded near the source. The high temperature of the basaltic andesite magma which might have intruded into a shallow silicic chamber Ž from some deeper source as suggested by petro-. graphic and mineralogical evidence might have caused overheating of the silicic melt and thus triggered catastrophic eruptions.
H O content 2
The presence of two pyroxene-plagioclase aggregates allows to assume close crystallization temperatures for all the minerals of such aggregates. Since the temperatures for pyroxenes have already been calculated we used the geothermometer of Kudo and Ž . Weill 1970 water in silicic melts at a temperature of about 9008C and to approximately 3.0-3.8 wt.% of water in mafic melts at about 10008C. Additional evidence of high volatile contents includes their high explosivity that is obvious in view of predominance of the pyroclastic material among the products of silicic volcanism.
Isotopic composition
In order to trace the extent and possible changes in the degree of contamination of the erupted products we determined the Sr and Nd isotope ratios in products of consecutive eruptions of the current active period, beginning from the KS caldera-forming Table 7 . Sr isotope ratios reported here are close to those reported for Ksudach rocks by Ž . Vinogradov et al. 1986 -0.70325-0.70334 Vinogradov et al. 1986 Ž .. and Bailey et al. 1987 . Altogether, these data support negligible amounts of contamination of Ksudach magmas. 
Discussion
Mineralogical, geochemical and isotopic data support the conclusion that all the rocks erupted by the Ksudach volcano during Holocene, originated as a result of fractionation of some initial mafic melt, Ž while the role of other processes e.g., contamina-. tion, assimilation was insignificant. All the eruption products exhibit evidence of mixing of the fractionated melt prior to and during the course of the eruptions. Therefore, the eruptions producing ejecta of varying composition might have been triggered by injections of some new portions of mafic melt into the silicic chamber. These injections caused intensive mixing of the melts, and overheating and boiling of the silicic melts which resulted in the onset of an eruption. The olivine-clinopyroxene-plagioclase inclusions, abundant in the products of the KS and 2 Shtyubel' Cone larger eruptions, might indicate that, during these eruptions, a fractionated magma chamber was nearly emptied.
The larger eruptions of Shtyubel' Cone are of particular interest as they produced both mafic and evolved silicic material. The latter likely represents newly fractionated silicic melt rather than the remainder of the pre-KS , as suggested by the close 1 Nd values in mafic and silicic products of the same eruptions, which both are higher than in the KS 1 material. This suggests that the conditions favouring the storage of mafic melt and its fractionation still exist under Ksudach volcano. Geophysical data also indicate a large positive gravity anomaly associated with Ksudach calderas, which has been interpreted as a cylindrical magma body with an upper border 3.5 Ž . km deep Selyangin, 1991 . Dormant periods as long as only few hundreds of years likely are sufficient for fractionation of about 0.2-0.8 km 3 of silicic melt Ž . in this magma chamber Fig. 6 .
The eruptive history of Ksudach demonstrates a change of regime from separate large eruptions to frequent smaller eruptions. It might be interpreted as discrete pulses of mafic melts supply during the first part of the Holocene time and more frequent ones during the current cycle. These pulses might have been caused by some processes in the mantle magma generation zone which change tensions in the crust and allow new portions of magma to penetrate into its uppermost horizons. It is noteworthy that the largest KS eruption as well the birth of Shtyubel' 1 Cone fall into the period of general all-Kamchatka Ž 14 upsurge of volcanic activity 1800-1300 C years . BP when many other powerful eruptions were docu-Ž . mented Braitseva et al., 1995 . At the same time, the period of the intensive Ksudach activity begin-Ž . ning with these eruptions current cycle , coincides with long dormant periods of the neighbouring volcanoes Khodutka, Zheltovsky, Iliinsky, and Dikii Ž Greben' Fig. 1 Sr values observed in the products of smaller postcaldera eruptions can be interpreted as reflecting gradual increase of the RrA ratio with time. The reason of difference could be derived from the relatively small size of recharged mafic magma injection into the large caldera magma chamber.
Our evaluations of water content in intermediatesilicic Ksudach rocks based on mineralogical data Ž . are significant 4.5-5.5 wt.% , and these estimates are confirmed by the high explosive activity of Ksudach. The calculated water content is high enough Ž . for crystallization of hornblende Kadik et al., 1986 . Ž However, the high temperatures of the melts about . 9008C inhibit its crystallization. Experimental data show the upper temperature limit of hornblende crystallization in andesitic melts is 9308C at P 1.5-2 H O 2 Ž . kbar Kadik et al., 1986 , and 850-8808C in dacitic Ž . melts Hitarov et al., 1969 . Hence, we suggest that the typical cross-arc transition from pyroxene phenocryst associations of the frontal zone to the horn-Ž blende-bearing ones of the rear zone Volynets et al., . 1990a might be interpreted as resulting from the higher temperatures of crystallization of the melts from the frontal zone rather than by increasing water content.
